A novel and effective approach to sensitively determine serotonin, known as 5-hydroxytryptamine (5-HT), has been proposed based on a 5,5-ditetradecyl-2-(2-trimethylammonioethyl)-1,3-dioxane bromide (DTDB) self-assembled lipid bilayer membrane modified glassy carbon electrode (DTDB/GCE). A DTDB/GCE shows the strong electrocatalysis for the oxidation of 5-HT, with the peak potential shifted to less positive value of 0.376 V vs. SCE, and effectively eliminates the interference from ascorbic acid (AA), even in the presence of 100-fold concentration of AA. Differential pulse voltammetry (DPV) gave a linear current for 5-HT from 2.0 × 10 -7 to 1.0 × 10 -5 M. At the DTDB/GCE, the oxidation of 5-HT was controlled by the adsorption process; for 5-HT coexisting with DA, the competitive adsorption was observed.
Introduction
Monoamines, such as 5-HT, dopamine (DA) and epinephrine (EP), are regarded as important neurotransmitters. Furthermore, many diseases are related to the concentrations of monoamine neurotransmitters. Serotonin is widely distributed in the brain, and plays an important role in various biological, pharmacological and physical processes together with other neurotransmitters. 1 Therefore, it is important to develop effective methods to determine 5-HT. The methods developed include spectrophotometry, 2 electroanalysis, 3 capillary electrophoresis 4 and liquid chromatography. 5 Among these, because 5-HT can be readily oxidized, electrochemical methods are the most notable. 3, [6] [7] [8] [9] [10] [11] [12] [13] However, difficulties always exist due to the irreversibility of its redox reactions at conventional electrodes and the interference from ascorbic acid (AA), the electroactive species that coexists in high concentrations in the brain. To solve this problem, chemically modified electrodes (CME) have received rather extensive interest. 3, [6] [7] [8] [9] [10] Based on their different transport properties, a variety of discriminative coatings can be used, including Nafion coating 11 and thioctic acid (TA) modified electrode. 12 To the best of our knowledge, the employment of the self-assembled bilayer lipid membrane (BLM) modified electrode for 5-HT detection has not been reported. Since the reconstituted BLM that separates two solutions was first reported in 1962, 14 the BLM system has been employed extensively as an experimental model of biomembranes. 15, 16 Studies on the BLM system have laid the foundation for its potential applications in the fields of ion channel sensor, 17, 18 biosensor, 19, 20 biomolecular electronic devices, 21 studies of the interfacial electron transfer. 22 As a biocompatible environment, BLM has been doped with some substance such as nanoparticles, 23 dentritic polymer 24 and bioactive molecules to study the complicated function of membrane. [25] [26] [27] [28] Herein, we studied the electrochemical behavior of 5-HT at a synthetic lipid of 5,5-ditetradecyl-2-(2-trimethylammonioethyl)-1,3-dioxane bromide (DTDB) selfassembled BLM modified glassy carbon electrode (DTDB/GCE). In our previous work, 29 a strong electrocatalytic effect for dopamine (DA) at DTDB/GCE has ever been reported. At DTDB/GCE, the DA molecule was entrapped into DTDB-BLM and the homogeneous electrocatalysis of DA for AA was advantageously eliminated.
However, the homogeneous catalytic reaction of the oxidized DA for AA has been observed in dimyristoylphophatidylcholine (DMPC) lipid film. 30, 31 It was proposed that DTDB membrane containing the electronegative dioxane functional group is preferable to the entrapment of cationic DA molecules, where the dioxane group plays a great role. 29 The comparative experiments were firstly performed at the cationic lipid without dioxane group modified GCE. Dimethyldioctadecylammonium bromide (DMDOB) and didodecylmethylammonium bromide (DDAB) were selected. The satisfactory results were obtained. At DMDOB/GCE or DDAB/GCE, DA acts as a shuttle of the electron transfer in lipid membrane, controlled by the diffusion. To further affirm the fact that DTDB membrane can preferentially adsorb small cations, in this report we selected another monoamine neurotransmitter, 5-HT, to study its electrochemical behavior. At pH 6.0 PBS, 5-HT exists as cations. The oxidation of 5-HT controlled by adsorption, as well as the competitive adsorption between 5-HT and DA were investigated at DTDB/GCE. Results provide further evidence about the adsorption properties of DTDB membrane for small cations. Simultaneously, DTDB/GCE exhibits excellent electrocatalytic activity for the oxidation of 5-HT and effectively eliminates the interference of AA. The potential applications of DTDB/GCE to determine 5-HT for analytical purposes were explored.
Experimental
Reagents 5,5-Ditetradecyl-2-(2-trimethylammonioethyl)-1,3-dioxane bromide (DTDB) was obtained from the Lab of Bioorganic Chemistry (USTC, China), 32 the structure of which is shown in Scheme 1. A 2 mg mL -1 DTDB/chloroform solution was prepared for the membrane coating. Serotonin (5-HT) and dopamine (DA) were purchased from Sigma (USA). Ascorbic acid (AA) was obtained from Chemical Reagent Company of Shanghai (Shanghai, China). Phosphate buffer saline solutions (PBS, 0.1 M) of different pH values were prepared as supporting electrolyte. Solutions of 5-HT, DA and AA were prepared daily before use. Highly pure nitrogen and doubly distilled water were used. Other reagents were of analytical grade and were used as supplied. All experiments were carried out at ambient temperature (20 ± 1˚C).
Electrochemical system and instrumentation
All electrochemical measurements were performed at a CHI 660A computerized electrochemical workstation (CHI, Shanghai, China). A three-electrode system was used, which was composed of a saturated calomel reference electrode (SCE), a platinum coil counter electrode, and a testing electrode. A glassy carbon disk electrode (GCE, φ4.0 mm) was used as the base electrode for modification. The formal (geometric) surface area of the GCE was 0.126 cm 2 . The effective surface area of this electrode is 0.151 cm 2 . It was calibrated by using cyclic voltammogram of 5 mM K3Fe(CN)6 in 1 M KCl solution. Differential pulse voltammetry (DPV) was conducted under the instrumental conditions of 25.0 mV pulse height, 60 ms pulse width, 0.5 s pulse period, and 4 mV potential step width.
Preparation of DTDB-BLM modified glassy carbon electrode (DTDB/GCE)
Lipid DTDB self-assembled bilayer membrane modified glassy carbon electrode was constructed as previously described, 29 labeled as DTDB/GCE. Briefly, before coating, the base GCE was polished carefully to a mirror finish with pieces of sand paper of different grades and then ultrasonicated for 5 min in anhydrous alcohol and 1 mM nitric acid, successively. Then it was pre-activated by anodizing in 0.1 M NaOH at 1.8 V (vs. SCE) for 2 min. After it was rinsed with water and dried under nitrogen atmosphere, the GCE was ready for modification. Next we dropped a 5-µl aliquot of the 2 mg mL -1 DTDB/chloroform solution onto the GCE disk surface using a micro-syringe, followed by immediately immersing the disk surface into pH 6.0 PBS for 30 min. Thus the obtained DTDB modified electrode was labeled as DTDB/GCE. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to characterize the DTDB membrane. Results confirm that the supported BLM has been indeed formed at GCE, with the membrane thickness of about 5 nm. 29 The redox current of Fe(CN)6 3-anions was decreased dramatically and exhibited a sigmoid curve, which is attributed to the existence of pinholes defects in BLM. 33, 34 Figure 1a shows that the oxidation peak of 5-HT at the bare GCE is broad, due to slow electron transfer. At DTDB/GCE, however, the electrochemical response of 5-HT has been considerably improved (Fig. 1b) . The peak potential shifted to a less positive value (0.376 V) with the overpotential decreased about 30 mV, and the anodic current increased. Figure 2 shows the differential pulse voltammograms of 5-HT at the bare GCE and DTDB/GCE, respectively. It can be seen that the peak current was greatly increased at DTDB/GCE and the peak was sharp with a shift of 51 mV toward the negative direction, indicating the dramatically promoted electrochemical response of 5-HT at DTDB/GCE.
Results and Discussion

Electrocatalytic oxidation of 5-HT at DTDB/GCE
Plots of peak currents against the scan rate were linear over the range of 5 -100 mV s -1 , revealing an adsorption surface wave. A linear regression equation was obtained as ipa/µA = 0.117 + 16.232v/V s -1 (r = 0.9973).
When the DTDB/GCE was transferred from 5-HT solution to a blank solution containing only PBS, nearly the same redox CV waves were observed for the first several circles. Accordingly, it can be proved that 5-HT was indeed incorporated into the DTDB membrane. A Γ0* value of 2.36 × 10 -10 mol/cm 2 was calculated based on the equation of Ip = (n 2 F 2 /4RT) × νAΓ 0 *, 35 and a surface concentration of 0.47 mM 5-HT was estimated for the fully loaded DTDB-BLM. The surface concentration exhibits the 32-fold enrichment effect from 1.5 × 10 -5 M 5-HT solution. Compared with the result of DA exhibiting the 5000-fold enrichment effect from 1.25 × 10 -4 M DA solution, 27 obviously, DTDB-BLM shows a higher affinity for DA than 5-HT. It has to be noted that the enrichment effect is a vital factor to obtain the highly sensitive determination of neurotransmitter at DTDB/GCE.
The pH effect on the 5-HT response
The response of 5-HT at DTDB/GCE was well behaved in 0.1 M PBS in the pH range of 3.0 -9.0. The anodic peak potentials of 5-HT shifted negatively with increasing pH values. A linear regression equation was obtained as Em/mV = 611.2 -46.0pH (r = 0.9950), shown in Fig. 3a , indicating the uptake of electrons accompanied by protons. Figure 3b shows that the electrochemical response of 5-HT reached its maximal value at pH 6.0 in the pH range from 3.0 to 9.0. Hence, pH 6.0 was selected for subsquent experiments as the optimum condition.
Response of 5-HT in the presence of AA and DA at DTDB/GCE
Because the concentration of AA is usually several orders of magnitude higher than 5-HT in biological environments, it is important to investigate the electrochemical response of 5-HT in the presence of AA.
To get better-distinguished voltammograms, we employed differential pulse voltammetry (DPV). At DTDB/GCE, the redox peaks of 5-HT and AA can be well distinguished with the potential difference of about 280 mV, which is large enough for simultaneous determination of 5-HT and AA in mixture (shown in Fig. 4) . While the concentration of AA was varied from 0 to 1 × 10 -3 M for 1.5 × 10 -5 M 5-HT, no changes in the oxidation current of 5-HT were detected. The inset of Fig. 4 shows the electrochemical response of AA alone in PBS at DTDB/GCE and at bare GCE. AA in pH 6.0 PBS showed an oxidation peak at about 0.1 V at DTDB/GCE, which is about 300 mV more negative than that of AA (about 0.4 V) at the bare GCE.
Monoamine neurotransmitters such as DA and 5-HT always coexist in the biological system. Hereby, we investigated the electrochemical response at DTDB/GCE when 5-HT and DA coexist.
The electrochemical response of DA alone at DTDB/GCE is shown in Fig. 5 . A couple of traces and small CV peaks with peak-to-peak separation (∆Ep) of 270 mV were observed for DA redox reaction at the bare GCE. The well-behaved CV peaks were obtained at the prepared DTDB/GCE. The anodic peak potential shifted 115 mV negatively and the cathodic peak successive addition of DA, the DPV peak current of DA was gradually increased. For 1.5 × 10 -5 M 5-HT, however, the peak current was decreased remarkably. The inset of Fig. 6 shows the DPV peak current of 5-HT and DA as a function of DA concentration. At DTDB/GCE, the redox peak currents of DA were proportional to the scan rate over the range of 5 -400 mV s -1 , indicating an adsorption-control process. 29 Herein, the redox reaction of 5-HT at DTDB/GCE is also controlled by adsorption.
Consequently, the results of Fig. 6 become understandable. The adsorption active sites in DTDB-BLM are limited. Thus with the addition of DA into the 5-HT solution, the competitive adsorption between 5-HT and DA occurred at DTDB/GCE, resulting in an increase for the peak current of DA and a decrease for 5-HT. Furthermore, the dynamic competitive adsorption process versus time was observed between 5-HT and DA. Under the different coexisting time, the differential pulse voltammograms are shown in Fig. 7a (Fig. 7b) , with DTDB membrane indeed exhibiting a higher affinity for DA than for 5-HT. This is consistent with the result of enrichment effect. It may be ascribed to the molecular size difference between 5-HT and DA, whose structures are shown in Scheme 2. Because of containing indole structure, the molecular size of 5-HT is larger than DA, thus, which is likely to result in the preferential adsorption of DTDB-BLM for DA.
It was proposed that the lipid DTDB membrane containing the electronegative dioxane group would be preferable for the entrapment of the small cations. 29 Comparative experiments with other two cationic BLMs (DMDOB and DDAB) and the calculated Mulliken Charge demonstrated that the dioxane group in DTDB plays a great role, constructing an electronenriched center. Herein, the study on the electrochemical behavior of 5-HT and the competitive adsorption with DA provided further evidence that the DTDB membrane preferentially adsorbs small cations.
Interferences
Various possible interference substances were examined for their effects on the determination of 5-HT. As for 1.0 × 10 -6 M 5-HT, no interference was observed for these compounds: KCl (200), NaCl (200), Ca(NO3)2 (200), glucose (10), uric acid (10) , where the data in the parentheses are the concentration ratios.
Reproducibility and stability for 5-HT at DTDB/GCE
The anodic DPV peak currents were used for the analysis of A relative standard deviation of 1.6% was obtained for 7 successive determinations for 1.5 × 10 -5 M 5-HT solution. To reduce the memory effect, one can easily renew the electrode by continuously cycling in PBS blank solution for 15-cycle scans from 0.1 to 0.5 V before each determination. After experiments the DTDB/GCE was immersed in 0.1 M pH 6.0 PBS at 4˚C for storage. No apparent decrease in the catalytic response to 1.5 × 10 -5 M 5-HT was found for one week, in the next 7 days the current response decreased by about 10% of its initial response. The decrease was 25% for one month, which shows a good stability.
Conclusions
A novel and effective approach was proposed to determine 5-HT by 5,5-ditetradecyl-2-(2-trimethylammonioethyl)-1,3-dioxane bromide (DTDB) self-assembled lipid bilayer membrane modified glassy carbon electrode (DTDB/GCE). The DTDB/GCE exhibits the highly electrocatalytic activity and the strong enrichment effect toward 5-HT with eliminating the interference of AA. While 5-HT coexisted with DA, DTDB-BLM shows a higher affinity for DA than 5-HT due to the difference of molecular size. It was further demonstrated that DTDB containing the dioxane group has the ability to preferentially adsorb small cations. Further study is continuing. 
